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Abstract 10 
The promising properties of torrefied biomass provide a valid co-firing option for large 11 
percentage biomass utilization in existing coal-fired boilers. Torrefied biomass is expected 12 
to have a better combustion stability than raw biomass and similar to that of coal. The 13 
present work will characterizes the oxidation properties of torrefied biomass char and 14 
compare with that of raw biomass char. The studied two chars are produced from both raw 15 
and torrefied biomass in an Isothermal Plug Flow Reactor (IPFR) at high temperature and 16 
heating rate, a sufficient residence time is applied for the completion of the high 17 
temperature devolatilization. Char oxidation tests are carried out in the IPFR by varying 18 
temperature, oxygen concentration and residence time. The reactivity of two studied chars 19 
are analyzed and compared with referenced biomass char and coal char, and the impact of 20 
torrefaction on char is discussed in this paper. Finally, the char oxidation kinetic parameters 21 
are determined using a parameter optimization method, and the obtained kinetics are 22 
examined by comparing the experimental and predicted mass conversions.  23 
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1. Introduction 27 
The handling and combustion characteristics of biomass can be substantially improved 28 
through torrefaction[1]. The promising properties of torrefied biomass provide a co-29 
utilization option incorporating large percentage biomass co-firing ratio in existing coal-30 
fired boilers without major modifications. Accordingly, a torrefaction based co-firing 31 
system in pulverized coal boilers has been proposed toward the goal of a 100% fuel 32 
switch[2]. 33 
When the biomass particles enter a pulverized fuel flame, they are rapidly heated to a final 34 
temperature in the range of 1400 to 1600°C at a rate of about 104 °C /s[3]. The study of 35 
the char oxidation kinetics of biomass obtained at the high temperatures and heating rates 36 
is very limited. Lin et al. [4] proposed an aerosol-based method to characterize particles 37 
fragmented from biomass chars during oxidation at high temperatures, and the oxidation 38 
of char particles in the reactor was investigated by determining on-line the particle size 39 
distributions before and after the passage through the reactor. Campbell et al. [5] 40 
characterized coal and biomass char at high temperatures using a heterogeneous reaction 41 
mechanism that not only describes the variations in char reactivity with conversion at low 42 
temperatures but also predicts high enough reaction rates at high temperatures to yield the 43 
mass loss rates observed in a laminar flow reactor, their results indicate that the char 44 
intrinsic reactivity decreases progressively during oxidation at high temperatures. Jiménez et 45 
al. [6] performed devolatilization and combustion experiments of pulverized biomass in an 46 
entrained flow reactor under realistic combustion conditions, to derive the kinetic 47 
parameters that can be used in particle combustion model with good fitting the observed 48 
behaviors. However, in general, there is still lack of a work that investigates and compares 49 
the char reactivity before and after torrefaction under real combustion conditions.  50 
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Tapasvi et al.[7] characterized the combustion behavior of four torrefied wood samples and 51 
parent feedstock (birch and spruce) at slow heating programs by thermogravimetric 52 
analysis (TGA), and the experimental data was used for the kinetic evaluation. Fisher et al. 53 
[8] performed TGA to study the char reactivity of raw and torrefied biomass in O2 and 54 
steam atmospheres; the studied chars were prepared from torrefied and raw willow under 55 
both high- and low-heating-rate conditions and it was concluded that torrefaction 56 
consistently reduces char reactivity. Arisa et al.[9] carried out TGA on raw and torrefied 57 
biomass to study their reactivity, and the torrefaction process was found to influence the 58 
parameters at the first stage, whereas those corresponding to the second remained 59 
unaffected. An analysis based on TGA could be employed to generally understand the char 60 
reactivity, but mass and heat transfer limitations make it impossible to determine the 61 
accurate kinetics by using TGA methods [4, 10], due to the relatively low temperatures 62 
(<1000°C) and low heating rate (<1°C/s). 63 
Torrefied biomass is supposed to be a coal-like fuel used in industrial furnaces, and thus its 64 
combustion performance is expected similar to that of coal. In our previous paper [11], 65 
high-temperature rapid devolatilization of biomasses with varying degrees of torrefaction 66 
have been investigated, concluding that biomass decreases its reactivity after torrefaction, 67 
and the deeper the torrefaction degree, the lower is biomass reactivity. During the 68 
combustion process of biomass, the rate of char oxidation is slower than biomass thermal 69 
decomposition and volatiles combustion[12]. Accordingly, the rate of char oxidation 70 
determines the overall combustion efficiency, and a good understanding of the reactivity of 71 
biomass char becomes more important for a biomass combustion process. Compared to 72 
the char produced at low heating rate, a more reactive char is produced after 73 
devolatilization at high heating rates, associating with larger pores and larger total surface 74 
area [12]. Also Biagini et al. [13]found that biomass chars produced during the rapid 75 
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pyrolysis (in a drop tube reactor) were more reactive versus oxidation than chars produced 76 
in milder conditions (in thermogravimetric balance). In this study, two char samples were 77 
previously produced from both raw palm kernel shells (PKS) and torrefied PKS in an 78 
Isothermal Plug Flow Reactor (IPFR) under an almost oxygen-free atmosphere and a 79 
sufficient residence time, to guarantee the completion of the high temperature 80 
devolatilization. Finally, the char samples were tested in the IPFR by varying reactor 81 
temperature, oxygen concentration and residence time to study the biomass char oxidation 82 
behavior before and after torrefaction, and determine the char oxidation kinetics of 83 
torrefied biomass in combustion conditions that similar to those of full size power plants.  84 
 85 
2. Fuel and Methods 86 
2.1 Fuel preparation 87 
Two fuels are used in this work, PKS and torrefied biomass. PKS is the studied raw 88 
biomass material, abbreviated as RB. The torrefied biomass, abbreviated as TB, is the raw 89 
PKS torrefied at 300°C for a residence time of 30 minutes in a horizontal rotary furnace. 90 
The proximate and ultimate analyses of those two biomass materials are summarized in 91 
Table 1. More detailed introduction of torrefaction furnace and the studies on the biomass 92 
torrefaction tests can be found in previous work [11, 14, 15], where the yields of torrefied 93 
fuels and released gaseous species during torrefaction and the impacts of torrefaction on 94 
the biomass devolatilization performances and the biomass flame properties were well 95 
addressed. Continue to the previous studies, the char oxidation properties of the torrefied 96 
biomass will be characterized in this work and compared to that of raw biomass.   97 
<Table 1> 98 
A sufficient amount of char is required to perform char combustion tests in the IPFR. In 99 
this work, char is produced in the IPFR at 900°C under an almost oxygen-free atmosphere 100 
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and a residence time of 300ms. The proximate and ultimate data of the studied two chars 101 
are also listed in Table 1, the chars of RB-char and TB-char are collected after the designed 102 
devolatilization of RB and TB, respectively. It can be noted that the chars still contain a 103 
considerable amount of volatiles (between 16% and 21%), but this is significantly lower 104 
than their parent biomass fuels (between 50% and 70%). Similarly, the carbon content of 105 
biomass char increases and the oxygen content of biomass char decreases with the 106 
torrefaction degree. Due to this study is to characterize the char oxidations, the heating 107 
values of RB-char and TB-char were not measured via standard calorific value tests, 108 
however, their high heating values of the chars can be easily estimated according to the 109 
proximate and ultimate data[16].  110 
 111 
2.2 Isothermal Plug Flow Reactor 112 
Char characterization tests were performed in the Isothermal Plug Flow Reactor (IPFR), a 113 
4 m long drop tube furnace, which allows to characterize solid fuels under conditions 114 
similar to those of large power combustion plants, such as heating rates on the order of 104 115 
°C/s, and a maximum temperature of 1400°C. The scheme of the IPFR is shown in Figure 116 
1. The temperature of the tube is adjusted through eight electrically heated modules, and 117 
each of them can be controlled independently. A K-tron solid fuel feeder provides a 118 
continuous mass flow of about 100 g/h of pulverized fuel, which is fed to the reactor 119 
through one of the 19 available ports at different heights. The same ports can be used also 120 
to measure either the temperature of the flue gases or their chemical composition by using 121 
a gas sampling probe. The chemical composition of the oxidizer agent, injected into the 122 
IPFR reactor, can be adjusted by changing the flow rates of natural gas and air fed to the 123 
pre-combustor located on the top of the reactor. Once the velocity of the oxidizing gases is 124 
fixed, the desired residence time of biomass particles inside of the IPFR is achieved by 125 
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changing the feeding port and the position of the sampling probe at the bottom of the 126 
reactor. The solid sampling probe consists of a water-cooled jacket where the collected 127 
particles are quenched with nitrogen in few milliseconds at a temperature below 300°C to 128 
stop all the reactions. The qualification of the IPFR and the procedures applied to biomass 129 
characterization are presented by Biagini et al.[17], whereas the quantification of the 130 
experimental uncertainties (mass loss and residence time) was discussed by Li et al.[11]. 131 
 132 
<Figure 1.> 133 
 134 
In real biomass combustion systems, volatile combustion consumed a considerable part of 135 
the oxygen, resulting in the char oxidation occurs at a lower oxygen concentrations below 136 
21%. In this work, the char oxidation tests are carried out by varying the oxygen 137 
concentration from 3% to 9%, and the residence time from 30 to 600 ms. A total of 20 138 
tests were carried out under various conditions, as shown in Table 2.  139 
 140 
<Table 2> 141 
 142 
During every char combustion test, the partially and/or completely burnt char particles are 143 
collected and then analyzed to determine the value of mass conversion according to the ash 144 
tracer method, which assumes that the biomass ash is inert and thermally stable. Eq.(1)is 145 
used to determine the weight loss on a dry-ash-free basis. 146 ܺ ൌ  ? െ௔௦௛బ௔௦௛ ȉ ቀ ଵି௔௦௛ଵି௔௦௛బቁ                                                  Eq.(1) 147 
A morphological analysis was also performed on the char samples. As an example, the 148 
particle size distribution of the produced RB-char was analyzed, and compared to that of 149 
its parent fuel, as shown in Figure 2. It can be noted that produced char particle sizes are 150 
7 
smaller than the parent ones, and the particle size distributions of chars produced from 151 
torrefied biomass and the parent material show a similar trend.  152 
 153 
<Figure 2 > 154 
3. Kinetic determination approach 155 
3.1 Char combustion model 156 
The char combustion rate is controlled by the chemical kinetics and the external diffusion 157 
of oxygen. A uniform temperature inside of the particle is assumed due to its micro size. It 158 
is suitable to model the char combustion occurring under Regime II condition. The 159 
variation of particle mass is described by Eq. (2). 160 ௗ௠೛ௗ௧ ൌ ܵ௣ܦ൫ ைܲమǡ െ ைܲమǡ௦൯ ൌ ݇൫ ைܲమǡ௦൯௡                                 Eq.(2) 161 
The kinetic constant ݇ is expressed in the Arrhenius form, whereas the oxygen diffusion 162 
coefficient varies with the temperature according to Eq.(3).  163 
ܦ ൌ ܥ ቀ೅೛శ೅೒మ ቁబǤళఱௗ೛                                                Eq.(3) 164 
The temperature of the char particle is calculated from the heat balance of the particle. The 165 
particles are considered to be spherical, and the change of their diameter during char 166 
oxidation is also taken into account according to Eq.(4). 167 ݀௣ ൌ ݀௣ǡ଴ሺ ? െ ܺሻఈ                                              Eq. (4) 168 
7KHEXUQLQJPRGHLVLGHQWLILHGE\WKHSDUDPHWHUơZKLFKYDULHVEHWZHHQDQGZKHUH169 ߙ= 0 corresponds to a constant particle size with decreasing density (Regime I), and ߙ = 170 
1/3 corresponds to a decreasing particle size with constant density (Regime III). Since 171 
phenomena occurring during the latest stages of combustion are not considered in this 172 
study, i.e. char annealing and changes in particle structure, ߙ is fixed at 0.25. 173 
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By manipulating Eq.(2), the unknown partial pressure of oxygen at the surface of the 174 
particle can be eliminated, and Eq.(5) is obtained. 175 
ௗ௠೛ௗ௧ ൌ ܵ௣݇ ൬ ைܲమǡ െ ௗ௠೛ௗ௧ ଵௌ೛஽൰௡                                           Eq.(5) 176 
Analytical solutions can be found for apparent reaction order of 0.5 or 1, whereas in this 177 
study Eq.(5) is solved numerically.  178 
It is important to highlight a few limitations of this model, which does not take into 179 
account phenomena occurring at high conversion levels, thus overestimating conversion 180 
for X > 0.7 [18]. Therefore LW LVD´VLQJOH ILOPµPRGHO WKDWGRHVQRWFRQVLGHUVHFRQGDU\181 
reactions occurring around the particle surface. For this reason CO is considered to be the 182 
only product of carbon oxidation, even if a not negligible amount of CO2 should be 183 
formed. More detailed discussion on this model and its limitations can be found in [18]. 184 
3.2 Determination of apparent kinetics 185 
The determination of the reaction order and the kinetic parameters follows the approach 186 
suggested by [19]and[20]. The apparent reaction order and kinetic parameters are 187 
determined by minimizing the root square mean error (RSME) between modeled and 188 
experimental conversions, described by Eq.(6), over a dataset of ܰ experimental values. 189 ܴܵܯܧ ൌ ටଵே  ? ሺܺ௠௢ௗ െ ܺ௘௫௣ሻ௜ଶே௜ୀଵ                                  Eq.(6) 190 
A brute force method is employed to get the optimization parameters, constraining the 191 
activation energy to be between 10 and 200 kJ/mol and the pre-exponential factor to be 192 
positive. Finally, the joint optimization of the two parameters is repeated for reaction 193 
orders between 0.05 and 2.00. Char oxidation models are usually based on either apparent 194 
or intrinsic kinetics. The intrinsic approach considers the particle reaction rate as a function 195 
of the intrinsic reactivity, pore surface area, and local oxygen concentrations, whereas the 196 
apparent kinetics consider an overall reaction rate and the reaction rate is based on the 197 
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external surface area and on oxygen concentration at particle surface[21]. The evolution of 198 
the surface area of biomass is very complicated, in this work, the apparent activation energy 199 
is applied, considering the elementary char oxidation steps are lumped into a single one. 200 
 201 
4. Results and discussions 202 
 203 
4.1High-temperature char oxidation tests  204 
Char oxidation characterization, performed in semi-industrial facility-IPFR, leads to more 205 
reliable kinetic parameters than studies performed in traditional analyses, e.g. TGA. First of 206 
all, the char particles produced under high heating rate in the IPFR are more similar to 207 
those found in industrial furnaces. Then, their combustion rate is controlled by both the 208 
chemical kinetics of carbon oxidation and the diffusion of oxygen around the particle. In 209 
contrast, char oxidation tests performed in a TG balance usually occur under kinetically 210 
controlled Regime I conditions. 211 
Figure 3 (a) shows the results of char oxidation tests performed on the raw PKS, at 900°C 212 
with two oxygen concentrations (4%, 8%) and at 1200°C with 4% oxygen. It is concluded 213 
that both oxygen diffusion and kinetics play an important role on biomass char oxidation at 214 
900 °C, while at the elevated temperature of 1200 °C, the biomass char burns completely 215 
even at diluted oxygen concentration conditions within 500 ms. This result could further 216 
support the volumetric combustion concept applied in large-scale boilers[22], which 217 
supposed to create a good complete combustion atmosphere at elevated temperature but 218 
diluted oxygen concentrations realized by internal recirculation of flue gas, achieving 219 
uniform temperature profile and gas species distributions. In fact, the difference between 220 
the char burnout profiles obtained at 900°C with varying oxygen concentrations§is 221 
less relevant than the difference between the char burnout profiles obtained at varying 222 
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temperature with constant 4% oxygen concentration §. However, at 900°C, a longer 223 
residence time is required to reach such a conversion level even at an enhanced oxygen 224 
concentration of 8%. Combustion tests of torrefied biomass char were performed as well. 225 
Figure 3(b) shows the results of char oxidation tests performed at 900°C with oxygen 226 
concentrations ranging from 3% to 9%, to understand the impact of torrefaction on the 227 
char oxidation process. A high oxygen concentration leads to an increase of mass 228 
conversion of the TB-char by 15% and 20% for 6% and 9% oxygen concentrations 229 
respectively.  230 
When comparing the mass conversions of RB-char and TB-char oxidizations at 900 °C 231 
with varying oxygen concentrations, apparently, the mass conversion rate of RB-char is 232 
faster than the TB-char even oxidized at a lower oxygen concentration, for instance, 233 
35.29% of TB-char is converted at 6% oxygen concentration compared to 40.79% of RB-234 
char conversion at 4% oxygen concentration. In addition, Figure 3 (b) shows that the 235 
impact of torrefaction on char conversion is significant in the early-stage char oxidation 236 
process, while torrefaction shows less effect on the final mass conversions of char. Oxygen 237 
concentration has a considerable effect on the final mass conversion when operating at the 238 
same temperature. A similar result was reported from a TGA study on raw and torrefied 239 
biomass, aimed at studying their reactivity in air. In this TGA tests, the torrefaction process 240 
influences the parameters of the first stage, whereas those corresponding to the second 241 
remained unaffected[9]. This is desired, since torrefaction favors the formation of a stable 242 
flame during combustion in a pulverized-fuel burner. First, according to the previous work 243 
on biomass flame[14], biomass normally has a wider flame volumes when compared to that 244 
of coal, and the volume of biomass flame reduces after torrefaction and similar to coal 245 
flames, and therefore a combustion stability can be expected when co-firing torrefied 246 
biomass with coal. Additionally, this could be also explained as the change of cellulose 247 
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structure during the torrefaction process because of the decomposition of hemicellulose, 248 
which further influences the char structure formed after high-temperature devolatilization, 249 
benefitting a stable combustion.  250 
  251 
<Figure 3(a)> 252 
<Figure 3(b)> 253 
4.2 High-temperature char combustion kinetics 254 
The kinetic parameters of char oxidation for the studied raw and torrefied biofuels, 255 
determined by minimizing the differences between modeled and experimental results, are 256 
finally presented in Table 3. It can be noted that the accuracy of the model prediction is 257 
acceptable, with a Root Square Mean Error of 4.50% and 8.60% for RB-char and TB-char, 258 
respectively.  259 
<Table 3> 260 
Due to the TB-char oxidation tests were only performed at one temperature 900 ºC, it was 261 
not possible to determine the appropriate activation energy, because particle temperatures 262 
will not differ in the different experimental runs. Here, the apparent activation energy for 263 
TB-char is chosen to be 60 kJ/mol, while the pre-exponential factor and reaction order are 264 
determined by same approach.  In addition, the oxygen reaction order is significantly higher 265 
for TB-char than for RB-char, which agrees with the experimental data that show a more 266 
relevant contribution of oxygen to the overall conversion for the former than for the latter 267 
biomass char. Accordingly, it is impossible to compare the char reactivity of RB-char and 268 
TB-char by the activation energy only, but a good prediction can be expected by applying 269 
the determined kinetics.  270 
However, the obtained kinetics of the studied chars are compared by Arrhenius plot with 271 
referenced biomass and coal kinetics, as shown in Figure 4. The referenced biomass and 272 
12 
coal kinetics are selected from literature[23], in which Karlström et al. studied anthracite 273 
chars and char from beech tree, their kinetics were obtained based on experiments at 274 
varying temperatures (950 ºC, 1200 ºC, and 1400 ºC) and varying  oxygen conditions (4%, 275 
6%, 8%, and 12%). In Figure 4, the O2 concentration is fixed as 4% for comparison. It is 276 
clear that the reactivity of RB-char is high, and the reactivity of TB-char is comparable with 277 
the tree-char from .DUOVWU|P·V ZRUN, while the reactivity of all the biomass chars are 278 
significantly higher than that of anthracite char. The slope of the line in Arrhenius plots 279 
represents the activation energy, the selected activation energy for TB-char is in the similar 280 
ranges of referenced biomass char while still significant lower than that of anthracite char, 281 
this could be concluded that the chosen activation energy of 60 kJ/mol for TB-char is 282 
reasonable, and the predicted mass conversions of studied char oxidations based on the 283 
obtained all kinetic parameters will be examined and validated later.  284 
 285 
<Figure 4> 286 
 287 
4.3 Examination of determined kinetics 288 
Figure 5 shows the comparison between the predicted and the experimental mass 289 
conversion for char combustion of the raw (a) and torrefied (b) PKS, which demonstrates 290 
the ability of the model to predict the conversion trend with a sufficient degree of accuracy. 291 
The kinetic parameters of char oxidation of raw and torrefied PKS determined in this work 292 
are thus examined and validated. From Figure 5(a), it can be concluded that, at the 293 
relatively low temperature of 900 °C, the mass conversions of RB-char are under-predicted 294 
in the early stage of char oxidation, while the final mass conversions are slightly over-295 
predicted when compared to experimental data. When the temperature rises up to 1200 °C, 296 
a good agreement is achieved, although the predicted mass conversion is in a small degree 297 
13 
lower than the experimental data, and a good prediction for the final mass conversion is 298 
obtained. According to the char oxidation model, the oxidation rate is governed by both 299 
kinetic and oxygen diffusion. When the operating temperature reaches 1200 °C, the char is 300 
combusted under Regime III, in which reaction rate is dominantly controlled by diffusion.  301 
Figure 5(b) shows a similar mass conversion trend for TB-char, the mass conversions of 302 
TB-char are slightly under-predicted in the early stage of char oxidation, while the final 303 
mass conversions are over-predicted when compared to experimental data, and the 304 
predicted mass conversions show good agreements with experimental data. A big gap 305 
between experiments and prediction is shown in TB-char oxidized at 900 °C and 9% 306 
oxygen concentration case in late oxidation stage, this might be caused by the experimental 307 
errors, and the errors could be made experimentally either by uncertainties of mass loss or 308 
by uncertainties of residence time, the uncertainties caused by experiments have been 309 
comprehensively discussed in our previous work[11]. Another reason might be the small 310 
ash content when compared to the fixed carbon content in studied char samples, while the 311 
mass conversion during char oxidation is calculated based on the Eq.(1), a small uncertainty 312 
on the ash content measurement may cause a significant difference in mass conversion, 313 
however unfortunately, there is still lack an measurement method to accurately track the 314 
mass conversion of solid thermal conversions in plug flow reactor. In general, it can be 315 
concluded the determined kinetics of RB-char and TB-char can be used to predict the mass 316 
conversions during the char oxidation processes.  317 
<Figure 5(a)> 318 
<Figure 5(b)> 319 
 320 
5. Conclusions 321 
14 
The promising properties of torrefied biomass provide a co-utilization option to 322 
incorporate large percentage biomass co-firing ratio in existing coal-fired boilers without 323 
major modifications. Torrefied biomasses are supposed to be a coal-like fuel used in 324 
industrial furnaces. Torrefied biomass is expected to have a better combustion stability 325 
than raw biomass and similar to that of coal. In this work, the studied two chars were 326 
produced from both raw and torrefied biomass in conditions similar to real combustion 327 
systems, i.e., high temperature and heating rate. The char samples were then combusted in 328 
the IPFR reactor by varying temperature, oxygen concentration and residence time. 329 
According to the results, the char produced from torrefied biomass was less reactive than 330 
the one from raw biomass. The impact of torrefaction on char conversion was significant 331 
in the early-stage char oxidation process, while torrefaction showed no effect on the final 332 
mass conversion. Oxygen concentration gives a relevant contribution when the char is 333 
oxidized at the same temperature. Finally, the char oxidation kinetic parameters were 334 
determined using a parameter optimization method, which minimizes a least squares-based 335 
objective function of the difference between model and experimental results. The predicted 336 
mass conversion showed a good agreement with experimental data, especially at high 337 
temperatures.  338 
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 344 
Nomenclature 345 
Symbols  
15 
A Pre-exponential factor in Arrhenius expression, (1/s) 
C Diffusion constant, (m2/s) 
D Diffusion rate coefficient, (m2/s) 
dp Particle diameter, (m) 
E Activation energy, (J/kmol) 
HR Heating rate, (K/min) 
k Kinetic constant, (kg/m2-Pa-s) 
m Mass, (kg) 
n Reaction order, (-) 
P Pressure (Pa) 
R gas universal constant, 8.3143 J/(mol-K); 
S Char specific surface, (m2/kg) 
T Temperature, (K) 
X Mass conversion, (-) 
ơ Particle size evolution exponent, (-) 
Abbreviations  
ash Ash content of residue, (%db) 
daf Dry ash free basis 
db Dry basis 
FC Fixed Carbon content 
IPFR Isothermal Plug Flow Reactor 
MC Moisture content 
PKS Palm Kernel Shell, the parent material of torrefied biomasses 
RB 
 
Raw biomass, in this work RB refers PKS 
 
RSME Root Square Mean Error 
TB Torrefied biomass ( PKS after 30 min torrefaction at 300 °C) 
VM Volatile Matters 
Subscripts  
0 Initial value 
 Bulk gas 
exp Experimental 
g Gas phase 
mod Modeled 
p Particle 
s Surface 
16 
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Table 1. Analysis of pulverized biomass. 400 
 
Proximate analysis, wt% Ultimate analysis, wt% 
MCar VMdb FCdb Ashdb 
LHVdb 
(MJ/kg) 
Cdb Hdb Odb Ndb 
RB 7.20 72.78 22.99 4.23 17.28 51.83 6.28 37.22 0.44 
RB-char / 21.44 62.18 16.38 / 53.60 2.25 27.17 0.60 
TB 5.10 49.92 41.58 8.50 25.00 60.67 4.33 25.93 0.57 
TB-char / 16.27 68.59 15.14 / 67.54 2.53 14.17 0.62 
 401 
Table 2. Resume of the char combustion tests performed in the IPFR. 402 
Temp. 
 (°C) 
 
O2 
(vol. %) 
Residence time (ms) 
30 50 100 150 300 500 600 
900 3 / / / / / / TB-char 
900 4 RB-char RB-char / RB-char RB-char RB-char / 
900 6 / / / / TB-char / TB-char 
900 8 / / / RB-char RB-char RB-char / 
900 9 / / TB-char / TB-char / TB-char 
1200 4 RB-char RB-char RB-char RB-char RB-char RB-char / 
 403 
Table 3. High temperature char combustion: kinetic parameters. 404 
 A [kg/m2sPan] 
E 
[kJ/mol] 
n [-] RSME [-] 
RB-char 0.3900 47.5 0.29 4.50% 
TB-char 0.0037 60.0 0.80 8.60% 
 405 
Figure captions:  406 
Figure 1. Scheme of the Isothermal Plug Flow Reactor (IPFR). 407 
Figure 2. Particle size distributions of RB (PKS) and RB-char. 408 
Figure 3. Mass conversion during char oxidation tests at different oxygen concentrations (a. RB-409 
char; b. TB-char). 410 
Figure 4. Arrhenius plots for studied RB-char and TB-char and compared with referenced chars. 411 
Figure 5. Comparison between modeled and measured mass conversions (a. RB-char; b. TB-char). 412 
